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ABSTRACT
Context. The Scorpius-Centaurus association is the most-nearby group of massive and young stars. As nuclear-fusion
products are ejected by massive stars and supernovae into the surrounding interstellar medium, the search for charac-
teristic γ-rays from radioactivity is one way to probe the history of activity of such nearby massive stars on a My time
scale through their nucleosynthesis. 26Al decays with a radioactivity lifetime τ ∼1 My, 1809 keV γ-rays from its decay
can be measured with current γ-ray telescopes.
Aims. We aim to identify nucleosynthesis ejecta from the youngest subgroup of Sco-Cen stars, and interpret their loca-
tion and bulk motion from 26Al observations with INTEGRAL’s γ-ray spectrometer SPI.
Methods. Following earlier 26Al γ-ray mapping with NASA’s Compton observatory, we test spatial emission skymaps
of 26Al for a component which could be attributed to ejecta from massive stars in the Scorpius-Centaurus group of
stars. Such a model fit of spatial distributions for large-scale and local components is able to discriminate 26Al emission
associated with Scorpius-Centaurus, in spite of the strong underlying nucleosynthesis signal from the Galaxy at large.
Results. We find an 26Al γ-ray signal above 5σ significance, which we associate with the locations of stars of the Sco-Cen
group. The observed flux of 6 10−5ph cm−2s−1 corresponds to ∼1.1 10−4 M of 26Al. This traces the nucleosynthesis
ejecta of several massive stars within the past several million years.
Conclusions. We confirm through direct detection of radioactive 26Al the recent ejection of massive-star nucleosynthesis
products from the Sco-Cen association. Its youngest subgroup in Upper Scorpius appears to dominate 26Al contribu-
tions from this association. Our 26Al signal can be interpreted as a measure of the age and richness of this youngest
subgroup. We also estimate a kinematic imprint of these nearby massive-star ejecta from the bulk motion of 26Al and
compare this to other indications of Scorpius-Centaurus massive-star activity .
Key words. nucleosynthesis – massive stars and supernovae
1. Introduction
Massive stars are key agents shaping the interstellar
medium, through ionizing starlight, stellar winds and su-
pernovae. This has been recognized throughout galaxies
(Elmegreen & Scalo 2004), and also locally in the surround-
ings of our Sun (Frisch 1995; de Geus 1992). Massive stars
tend to be located in clusters (Lada & Lada 2003; Zinnecker
& Yorke 2007). Stellar winds and explosions are expected
to create interacting gas shells (Weaver et al. 1977), merg-
ing of hot cavities may form superbubbles (Tenorio-Tagle &
Bodenheimer 1988; Mac Low & McCray 1988; Cho & Kang
2008). The environment of the Sun shows clear signatures of
massive-star action, though located in a seemingly quiet re-
gion of the Galaxy, about 8 kpc from its center and about 4–
5 kpc from the molecular ring identified as the region of the
Galaxy’s highest star-forming activity (Scoville & Young
1984). The interstellar medium near the Sun is character-
ized by a rather complex morphology (Frisch 1995). The
Local Bubble, a rather tenuous cavity, surrounds the Sun
(Breitschwerdt et al. 1998). Several loops/shells reminis-
cent of supernova remnants have been identified (de Geus
1992). The Local Bubble is the most-nearby of such cavi-
ties, and finding its origins is a prominent current science
topic (Breitschwerdt & de Avillez 2006; Welsh & Shelton
2009). Groups of massive stars are found within a distance
of several hundred parsec (de Zeeuw et al. 1999), and also
nearby clouds with current star forming activity as evident
in T Tauri stars, HII regions, and embedded IR sources.
The stellar association of Scorpius-Centaurus (Sco OB2)
constitutes a prominent group of most-nearby stars (see
Fig. 1). It is located at a distance of about 100–150 pc (de
Geus 1992; de Zeeuw et al. 1999; Preibisch & Zinnecker
1999). Apparently it plays a major role for the nearby in-
terstellar medium and accounts for a significant fraction
of the massive stars in the solar vicinity (de Zeeuw et al.
1999). This association shows several subgroups of differ-
ent ages (estimated as 5, 16, and 17 My, with typical age
uncertainties of 2 My (de Geus et al. 1989) (see however
Slesnick et al. (2008); Fuchs et al. (2009)). Its location in
the sky is centered ∼20◦ above the plane of the Galaxy
and hence sufficiently-distinct, unlike other Galactic source
groups which would be superimposed along the line of sight
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Figure 1. View of the local O- and early B-type stars, as looking down upon the
Galactic disk. The direction of the Galactic Center (GC) is towards bottom, and the
Sun is at the origin. Stars with spectral types B0 or hotter are solid circles, B1-
B2 stars are open circles. Sco-Cen (Sco OB2) is the concentration (dashed box) of
early-B stars closest to the Sun. Note that stars near the edge of the plots typically
have individual distance errors of ∼50%, and hence associations appear to be very
stretched. Galactic positions were calculated using Hipparcos (Perryman et al. 1997)
celestial coordinates and parallaxes.
Around 1910, large compilations of proper motion and spectral type data were be-
coming available for Galactic structure investigations – primarily Lewis Boss’s (1910)
Preliminary General Catalog and the spectral type compilations from the Henry Draper
Memorial project (e.g. Cannon & Pickering 1901). Kapteyn (1914) appears to have
been the first to make a convincing case that the B-type “helium” stars in the Scorpius-
Centaurus region demonstrate convergent proper motions, and constituted a moving
group. Subsequent work on the association during the early 20th century revolved
around testing the reality of the group, ascertaining its membership, and (most impor-
tantly for the rest of the astronomical community) estimating the group’s distance. The
importance of understanding, and exploiting, this conspicuous group of bright B-type
stars was not lost on Kapteyn (1914): “The real question of importance is this: is the
parallelism and equality of motion in this part of the sky [Sco-Cen] of such a nature
that we can derive individual parallaxes?”
Fig. 1. OB associations near the Sun, with Sco-Cen stars
marked (from Preibisch & Mamajek 2008). This top view
onto the Galaxy i the local vicinity shows that several
nearby groups of massive stars can be identified, with the
Scorpius-Centaurus group as the closest to the Sun. This
compilation is based on Hipparcos position measurements
of nearby st rs (for details s e Preibisch & Mamajek 2008).
tow ds he Galac ic rid e or molecular ring, for example.
Our target is 26Al radioactivity from this region.
Massive stars re believed to form from dense parts
of giant molecular clouds, and have typical evolution time
scales of 1–10 My (see reviews by McKee & Ostriker 2007;
Zinnecker & Yorke 2007). One of the most important ques-
tions in models of the star formation process is the onset of
release of energy and matter by the most-massive stars and
their effects on the surrounding clouds (Oey & Clarke 2007;
Clark et al. 2008). Such feedback on star formation in dense
clouds can be either negative (termination of star formation
through dispersal of the natal cloud) or positive (triggering
of further star formation by compression of cloud mate-
rial). The massive-star clusters are believed to be dispersed
within a typical time scale of 10 My (e.g. Pfalzner 2009).
Within a group of massive stars, Wolf-Rayet-phase
winds carry the products of core hydrogen burning in-
cluding 26Al and lead to a steeply-rising 26Al content in
surrounding ISM about 3 My after those stars have been
formed (Voss et al. 2009). Interstellar 26Al content then
decreases again within 1–2 My, from radioactive decay and
because the less-massive, more slowly-evolving stars do not
develop the Wolf-Rayet phase below Mi ∼25 M. Trailing
this Wolf-Rayet-dominated initial 26Al production, contri-
butions from core-collapse supernovae take over to enrich
the ISM with 26Al. This production smoothly declines as
less and less-massive stars terminate their evolution in a su-
pernova, and the interstellar 26Al content fades after ∼ 7–
8 My with a tail extending to ∼20 My. In general, stel-
lar groups with an age in the range of 3–20 My may be
considered plausible sources of interstellar 26Al (see Voss
et al. 2009, and references therein). The youngest stellar
subgroup of the Sco-Cen association is the Upper Scorpius
group at an age of about 5 My. This should correspond to
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eject fresh nucleosynthesis products, and also creates 
cavities filled with hot and turbulent gas, or replenishes pre-
existing cavities with fresh material and energy.  
It has been tempting to trace individual supernova records 
(i.e. shells such as Loop I, pulsars and runaway stars such 
as PSR J1932+1059 and ζ Oph) back to massive-star 
activity from the Sco-Cen association. The Local Bubble, the 
tenous cavity surrounding the Sun [23], has been attributed 
to ~19 supernovae with their origin in Sco-Cen [2,10]. Recent 
nearby supernova events include the formation of the 
Geminga pulsar ~250, 000 years ago (possibly a supernova 
from a Sco-Cen star, and the release of ζ Oph as a runaway 
star ~0.5-1 My ago. Within Loop I, the most-recent 
supernova is inferred to have occurred <1 My ago [16]. On 
Earth, an oceanfloor sample shows clear evidence of 
radioactive 60Fe isotope deposits about 2-3 My ago [12]. This 
is attributed to a nearby supernova from a massive star at this fairly recent epoch. Nearby supernovae may 
have substantial impacts on the Earth’s atmosphere, with incurred modifications of the terrestial climate [24]. 
They incur a non-periodic, episodic variation of the total cosmic-ray irradiation, related to above traces of 
massive-star activity. It is therefore an exciting perspective to consolidate our understanding of supernova 
activity near the Sun over the past several My. 
 
Fig. 6: The local stellar groups can be traced 
back to their origins,to deconvolve the 
sequences of star formation activity and a 
possible spiral-wave transition triggering it [7] 
Existing Observations of 26Al from Sco-Cen:    
The COMPTEL γ-ray telescope has mapped the all sky distribution of the 26Al decay line at 1.809 MeV 
emission over 9 years of observations (Fig. 8 left, contours). 26Al emission appears in the Sco-Cen region 
extending from the youngest stars down to lower latitudes and near the disk, where older populations are 
located. COMPTEL’s integrated-mission exposure of 10.7 Ms for this extended candidate-source region 
obtained a significance of ~2.5σ (see Fig. 7 left), hence was not pursued further at the time. From 
INTEGRAL/SPI observations of the first four mission years, recently a hint for 26Al emission from this region 
has been found (at ~2.4σ) by two independent analysis efforts [26,27,17], confirmed by updated analysis 
(Feb 2009, Fig. 7, right), at a flux value of ~6 10-5 ph cm-2 s-1. Although not convincing on their own 
(systematics!?!), these indications encourage us to take up these exciting investigations again and propose 
deep observations of this region through an INTEGRAL Key Programme, in order to establish and 
consolidate such an independent constraint on massive star activity near the Sun.
 
We baseline the flux value 
in the 26Al line of ~6 10-5 ph cm-2 s-1 as indicated from early SPI analysis. This corresponds to a plausible 26Al 
mass of ~5 10-5 M? at a distance ~100 pc, equivalent to what a ~20M? star would eject [6]. The observed 
signal corresponds to an effective live time exposure in this region (after data selections) of ~6 Ms, all of it 
collected on targets (pointings) significantly offset from Sco-Cen (i.e. with Sco-Cen far from the instrumental 
axis).  
 
Fig 7.:  The 9-year COMPTEL 26Al emission map (MaxEnt image contours; left)[18], and the SPI spectrum (5½ years; 
data up to rev.650, ~6Ms exposure at Sco-Cen, ~5σ (stat)) for the Upper Sco region (l~350°/b~20°, radius ~8°)[26,30]. 
24.02.09 
Fig. 2. All-sky image (top) and expanded view tow rds Sco-
Cen (bottom) of 26Al γ-rays as derived from COMPTEL
observations (Plu¨schke et al. 2001)
the peak of the expected 26Al content (see Fig. 2 of Voss
et al. 2009).
26Al is ejected through stellar winds and su-
pernova explosions at typical velocities around
1000 km s−1(Niedzielski & Skorzynski 2002; Kifonidis
et al. 2000), which will be slowed down by interactions
with circumstellar material, and by the reverse shock which
results from the discontinuity between the expanding ejecta
and ambient ISM. 26Al decays with an exponential life-
time of 1 My. Hence 26Al decay occurs along the ejecta
trajectory in the surrounding ISM. Most likely that will be
hot and probably turbulent, from the injected radiation,
wind and supernova energies. Upon β+-decay, a γ-ray
line at 1808.63 keV is emitted, together with a positron
(Endt 1990). High-resolution spectroscopy of the 26Al
γ-ray line contributes to test massive-star nucleosynthesis,
and also the general scenario of their formation in groups
and sequences in an independent way, through such a
radioactivity clock. Also, the 26Al γ-ray line centroid and
width reflect the kinematics of massive-star ejecta at late
times: The Doppler effect will encode bulk motion and
turbulence in the observed 26Al γ-ray line profile. Here we
report our search for 26Al γ-ray emission from the nearby
Sco-Cen association and its subgroups with the Compton
Observatory and INTEGRAL γ-ray instruments.
2. Earlier Data and Hints
The COMPTEL instrument was operated aboard the
Compton Gamma-Ray Observatory mission of NASA
through 1991–2000 (Gehrels et al. 1993; Schoenfelder et al.
1993). It was a Compton telescope, detecting γ-rays in the
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MeV range through a correlated detection of a Compton
scatter process in its upper detector plane and the sec-
ondary photon from this scatter process being absorbed
in its lower detector plane (see Schoenfelder et al. 1993,
for a detailed instrument description). With its large field
of view of about 30 ◦, COMPTEL performed a sky sur-
vey for MeV γ-ray lines. It thus provided the first all-sky
maps of 26Al emission (Diehl et al. 1995), which showed
the 26Al emission extending along the entire plane of the
Galaxy. From these data, it was concluded that massive
stars are the dominating sources of 26Al ejection into the
Galaxy’s interstellar medium, through Wolf-Rayet winds
and core-collapse supernovae (see Prantzos & Diehl 1996,
for a review).
Tantalizing hints for 26Al emission from a region above
the plane of the Galaxy and reminiscent of the Sco-Cen
region was noticed in COMPTEL’s 26Al all-sky image
as derived from Maximum-Entropy deconvolution of the
data (Fig. 2, Diehl et al. (1995); Kno¨dlseder et al. (1998);
Plu¨schke et al. (2001)). The significance of this result is low,
however, and depends upon the specific formulation of the
hypothesis. A maximum-likelihood test for the emission in
the Sco-Cen region obtained 2.1 σ significance only, from
separately modeling the data with the deconvolved map
parts of the region of interest (defined as a circle of 15 de-
grees radius around (l,b)=(340◦ ,20◦)), this representation
of the Sco-Cen region led to only marginal improvement in
the maximum-likelihood fit to 9 years of observation above
the remainder of the MaximumEntropy map. Similar values
could be obtained for other intermediate-latitude regions of
the sky of similar extent, and thus the signal was not pur-
sued any further.
INTEGRAL, ESA’s INTernational Gamma-Ray
Astrophysics Laboratory, has been operating in space since
November 2002 (Winkler et al. 2003). Its γ-ray spectrome-
ter SPI (Vedrenne et al. 2003; Roques et al. 2003) features
an excellent spectral resolution of 3 keV at ∼1800 keV,
which compares to about 200 keV spectral resolution
for COMPTEL. Spatial resolutions of these instruments
are similar, 2.7◦ for SPI and 3.4◦ for COMPTEL, with
COMPTEL imaging being achieved through kinematical
constraints from measuring the Compton scattering within
the instrument, while SPI’s imaging approach is through
a coded mask casting a shadow onto its pixelated Ge-
detector plane. INTEGRAL’s sky exposure has emphasis
in the inner Galactic plane and some special extragalactic
source regions. 26Al emission from the sky was detected at
the intensities expected from COMPTEL’s earlier survey
(Diehl et al. 2003). Making use of the advance in spectral
resolution, the line intensity and shape were determined for
the inner Galaxy region, and could be used to determine
the global properties of 26Al in the Galaxy’s interstellar
medium (Diehl et al. 2006b,a). The γ-ray line turned out to
be rather narrow and not significantly Doppler-broadened,
consistent with the 26Al-enriched interstellar medium
being moderately turbulent at velocities in or below the
100 km s−1 range. The Doppler shift of the γ-ray line
centroid from large-scale rotation of the Galaxy also was
indicated in these high-resolution data. This confirmed the
presence of 26Al throughout the plane of the Galaxy. The
Galactic 26Al content is determined from the integrated
intensity of the γ-ray line to range between 2 and 3 M,
when plausible models for the spatial distribution of
26Al in the Galaxy are employed to resolve the distance
ambiguities along the lines of sight (Diehl et al. 2006a).
The spatial source distribution models used in these
determinations all assume that the 26Al sources are
adequately represented to first order by spiral-arm or
exponential-disk descriptions of the Galaxy. The overall
symmetry of the Galactic 26Al emission as observed in
the bright inner ridge in the first and fourth quadrants of
the Galaxy is reassuring for such large-scale interpretation
(Wang et al. 2009). Only the Cygnus region’s 26Al emis-
sion appeared as a clear and prominent deviation from this
view (del Rio et al. 1996; Kno¨dlseder et al. 2002), while
variations of 26Al emission along the inner ridge of the
Galaxy as seen in the COMPTEL image were assumed to
be due to the clumpiness of massive-star locations through-
out the Galaxy (i.e., the “beads-on-a-string” seen in UV
images of nearby galaxies when viewed face-on). Tests for
local emission from nearby and special groups of OB as-
sociations such as attributed to the Gould Belt (Po¨ppel
1997; Elias et al. 2009) had been made on COMPTEL data
(Kno¨dlseder et al. 1998). Only marginal hints were found,
and thus the large-scale interpretation of observed 26Al was
held up.
But when nearby 26Al sources, such as may be expected
from the Sco-Cen groups of stars as close as 100–150 pc (see
Fig. 1, and Blaauw (1964)) are superimposed on our view-
ing direction towards the Galaxy’s inner ridge, a significant
bias might occur. This could lead to an over-estimate of the
Galaxy’s 26Al content, and of the scale height of the 26Al
sources in the Galactic plane, which is determined from
26Al γ-ray data as about 130 pc (Wang et al. 2009). It
has been shown that the Galactic 26Al content (and hence
the nucleosynthesis yields, or supernova and star forma-
tion rates derived from it) could be lower by 30% or more,
if foreground emission from specific massive-star clusters
would bias our inferred scale height towards high values
(Martin et al. 2009). Thus the real 26Al content may be on
the low side of the uncertainty range quoted before (Diehl
et al. 2006a). We exploit deeper observations made with
INTEGRAL to follow up on these questions.
3. SPI Observations and Data Analysis
Continued SPI observations of the inner ridge of the Galaxy
have reached a depth where spatial separation of the
26Al emission begins to be possible. This allows spatially-
resolved spectroscopy of the 26Al γ-ray line, towards deter-
mination of 26Al-enriched ISM characteristics for different
regions of the Galaxy (see Wang et al. 2009). We use the
same data as analyzed by Wang et al. (2009) to determine
possible 26Al emission from massive star nucleosynthesis in
the Scorpius-Centaurus region. These data include orbits
43–623 from 5 years of INTEGRAL observations, with a to-
tal exposure of 61 Ms. We analyze single-detector hits (SE)
in an energy range embracing the 26Al line at 1808.63 keV,
specifically 1785–1826 keV, in 0.5 keV bins. Results are
derived through fitting the set of binned event spectra by
the composite of forward-folded sky signal and background
models, allowing for intensity adjustments of each of these
components in each energy bin. Spectra are obtained for
different regions of the sky, as the adopted spatial distribu-
tions for each region are fitted separately, though simultane-
ously, to the complete ensemble of observational data. The
subdivision of the sky into different sky regions of interest
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3 26Al emission and line shapes in the Galaxy
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Figure 3.31: 26Al spectra for different latitude intervals of the 1st (upper) and 4th
(below) quadrants : 5◦ < b < 20◦ (left), −5◦ < b < 5◦ (middle), −20◦ < b < −5◦
(right).
3.7 Latitude studies of 26Al emission
Both the 26Al imaging by COMPTEL or SPI, and 26Al spectra in different longitudes
obtained by SPI cannot directly probe the distance information of 26Al sources. The
detected 26Al signals in the sky could originate from the local star-formation complexes
(∼ 100 pc), or from the nearest part of the Siguttarius-Carina arm (1− 2 kpc), or from
the Galactic center region (∼ 8 kpc), or even from the other side of the Galaxy (> 10
kpc).
In this section, we try a possible way to resolve the 26Al signals for the local com-
plexes from the large scales of the Galactic plane. We split the homogenous disk
model into sub-maps along Galactic latitudes, and derive 26Al spectra for the different
latitudes using model fitting. We have splitted the sky map into three parts along low
latitudes, −5◦ < b < 5◦, and intermediate latitudes 5◦ < b < 20◦ and −20◦ < b < −5◦.
26Al emission for low latitudes (|b| < 5◦) would be dominated by the large-scale origin
in the Galactic disk. While 26Al sources for high latitudes (|b| > 5◦) should originate
from local star-formation systems in the Gould Belt. This definition is also similar
to pulsar population studies [Wang et al., 2005b, Cheng et al., 2004]. The Gould Belt
appears as an ellipsoidal shaped ring with semi-major and minor axes equal to ∼ 500
pc and 340 pc, respectively [Perrot and Grenier, 2003]. The Sun is displaced from the
center of the Gould Belt about 200 pc towards l = 130◦ [Guillout et al., 1998]. The
Vela region is located near the boundary of the Gould Belt towards l ∼ −90◦ . The
96
Fig. 3. The γ-ray spectrum obtained from fitting a
homogeneously-bright sky to to the first (top) and fourth
(bottom) quadrants of the Galaxy. The lefthand figures
show emission at intermediate positive latitudes 5◦–20◦, the
righthand figures show emission from the bright Galactic
disk in the latitude interval [-5◦,5◦] (Wang 2007) .
is limited by the additional parameters introduced into the
fit. We minimize these here by representing the sky with
two components only, one for the large-scale Galactic emis-
sion, and one for the region of interest. Varying the region
of interest, we analyze the quality of fits obtained, possible
systematics and background artifacts, and the consistency
of our results.
As a guide towards our study of Sco-Cen emission, we
first study separating Galactic-plane 26Al emission from
emission at intermediate latitudes,. We find significant ex-
cess of 26Al emission in the northern part of the Galactic
plane (Fig. 3, lower-left graph). Here, an exponential disk
has been divided in latitude at 5◦ and separately fitted in
intensity. This indicates that in the fourth quadrant of the
Galaxy, there is excess line emission at intermediate lati-
tudes, if compared to the first Galactic quadrant. We re-
fine this through restricting the extra emission component
t the Sco-Cen region ly, while the second sky emission
model component includes the remainder of the sky.
As we include all data for best constraints on instru-
mental background, we also require an adequate model of
the full sky in 26Al. We plausibly employ several alter-
natives: T e 26Al sky as observed with COMPTEL and
dete mined with Maximum-Entropy o Mul i-Res lution
Expectation Maximization algorithms for imaging deconvo-
lution (Kno¨dlseder et al. 1999b), but also geometrical mod-
els which had been found to adequately represent 26Al emis-
sion, from COMPTEL and SPI analysis (e.g. Kno¨dlseder
et al. 1999a; Diehl et al. 2006b). Examples of the latter
are double-exponential disks with Galactocentric scale ra-
dius 3.5 to 4 kpc and scale heights 130 to 300 pc, the
free-electron model derived from pulsar dispersion mea-
surements by Taylor & Cordes (1993) (we use the NE2001
model, Cordes & Lazio (2002), with an imprinted vertical
scale height of the exponential distribution above the plane
of 180 or 140 pc), or the FIR emission from warm dust
as measured with COBE/DIRBE across the sky (Bennett
et al. 1992).
The above models based on non-γ-ray observations may
not represent nearby 26Al from Sco-Cen: They characterize
the large-scale Galactic 26Al contributions, because they
trace different massive-star related phenomena with indi-
rect connection to 26Al per invividual source. On the other
hand, the COMPTEL map would obviously include 26Al
from Sco-Cen, yet is mediated by COMPTEL’s instrumen-
tal response and the deconvolution algorithm to derive
the map, and thus not reliable in this detail. We there-
fore prefer to use the COMPTEL 26Al map for the gen-
eral large-scale 26Al emission, and here adopt its MREM
variant (Kno¨dlseder et al. 1999b). We cut out from it a re-
gion which lies above the plane of the Galaxy and towards
the Sco-Cen sources here, defined as a circle centered at
(l,b)=(350◦ ,20◦) with a radius of 8◦. 26Al is ejected at
velocities of ∼1000–1500 km s−1 and slows down in in-
terstellar m dium from interactions with the gas; in our
large-scale Galactic average, but also in the Cygnus re-
gion, we find velocities are certainly below 200 km s−1
from Doppler broadening limits on the observed line width
(Diehl et al. 2006b; Martin et al. 2009). The size of our
region of choice corresponds to 26Al coasting with inter-
stellar velocities of 10 km s−1, hence will not include faster
26Al and miss part of the production in this region. We
chose this conservatively-small region to avoid misinterpret-
ing 26Al γ-rays overlapping directions towards the Galaxy’s
disk. We test spatially-unstructured models representing
the Sco-Cen region, such as a homogeneous-intensity cir-
cle centered at this location, or an exponential disk split
into a part below 5◦ latitude containing the bulk emission
and above 5◦ latitude containing emission from Sco-Cen, or
the extracted art of a COMPTEL 26Al map suppressing
small-scale structure. Detection significances vary between
5 and 7 σ for the cases studied, derived fluxes typically vary
by ≤10% for different spatial models of the Sco-Cen region
itself; this is well within statistical uncertainties.
The instrumental bac ground created by cosmic-ray in-
teractions with the spacecraft material dominates the mea-
sured counts, and only about 1% of the total counts is con-
tributed by the signal from the sky. Therefore, background
modeling is crucial, and artifacts from inadequacies of a
background model may occur. We therefore also test for
26Al emission in other regions of the sky, where no such
emission is plausibly expected. For most-representative
tests, we chose regions of similar exposure and similar off-
set from the bright 26Al emission along the inner Galactic
ridge, i.e., the region south of the plane of the Galaxy at
longitude 350◦ and latitude -20◦, and a region in the first
q adrant of the Galaxy at (l,b)=(10◦,20◦).
The characteristics of celestial 26Al emission, i.e. bulk
motion and turbulence within the source region, translate
into Doppler broadening and shift of the observed γ-ray
line. SPI Ge detectors show an intrinsic energy resolution
at 1809 keV of 3 keV (FWHM), variations of the energy cal-
ibration remain below 0.05 keV (Lonjou et al. 2004). Effects
degrading the detector resolution with time due to cosmic-
ray irradiation in orbit, and the periodic annealings which
successfully restore spectral resolution, are all relevant for
strong signal where line shape details matter, and can be
neglected for our rather weak target. Here we determine
line centroids and widths from Gaussian fits, and find using
our more-accurate asymmetric response including degrada-
tion effects does not affects our findings. Our spectral result
parameters are limited by statistical precision, and overall
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Fig. 4. The γ-ray spectrum of the Sco-Cen region. This
was obtained from fitting a 10◦ diameter patch of the sky
representing candidate 26Al sources of this region together
with a large-scale Galactic-emission model (here: MREM
26Al image as derived from COMPTEL observations) in
narrow energy bins to SPI observation data.
systematic uncertainties (from energy calibration stability
and from using a Gaussian spectral response) are estimated
as 0.1 keV.
4. Results
Using the COMPTEL 26Al map for this major portion of
the sky, and an un-structured circular patch of the sky in
the Sco-Cen region ((l,b)=(350◦,20◦) with a radius of 10◦),
we obtain the Sco-Cen region spectrum shown in Fig. 4.
The 26Al line appears in the spectrum, now much clearer
and at a statistical significance of 6 σ (from the likelihood
ratio of the fit). The Sco-Cen signal robustly is found in all
above-mentioned alternative spatial-distribution models for
the large-scale emission.
This 26Al flux attributed to the Scorpius-Centaurus
stars was estimated through variations of the candidate
source region: We increase the circular region-of-interest
radius from 4◦ to 20◦, deriving 26Al line fluxes through
2-component spatial model fits. Fig. 5 shows that the de-
tected signal increases up to 10◦radius, remaining constant
for larger radii until the Galactic-plane emission is included
(for the 20◦case). None of our three reference regions shows
such accumulation of signal with region size, their flux val-
ues fluctuate within uncertainties.
Including an emission component for this region at-
tributed to nearby Scorpius-Centaurus stars, the fitted
large-scale 26Al flux from the bright ridge along the in-
ner Galaxy obtains lower values. In Fig. 6 we show a set
of plausible models for the distribution of large-scale emis-
sion as discussed in Diehl et al. (2006a), as its flux val-
ues change through inclusion of the Scorpius-Centaurus
component. We compare models based on free electrons,
on infrared emission from dust, two analytical descrip-
tions of the disk of the Galaxy, and the COMPTEL 26Al
gamma-ray image (see details and references as described
in Diehl et al. 2006a, appendix). Separating the Scorpius-
Centaurus emission component (shown as thin symbols),
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Fig. 5. 26Al flux increase with radius of our region of inter-
est, centered on l=-10◦/b=20◦.
the inner-Galaxy flux values (thick symbols; we use [-
30◦<l<30◦], [-10◦<b<10◦] approximating the region often
referred to as “the inner radian”) vary hardly among mod-
els. Accounting for observed data with these same large-
scale model alone (in an earlier analysis, Diehl et al.
2006a, appendix), variations among models were evident.
Separating 26Al emission from this foreground region, the
fitted large-scale Galactic 26Al intensity decreases by 19%
to 2.63 10−4 ph cm−2s−1rad−1, with a statistical uncer-
tainty of ±0.2 10−4 ph cm−2s−1rad−1 from this analysis
using about twice as much data. Also shown in Fig. 6 are the
fluxes we derive for the 8◦ Scorpius-Centaurus region source
together with each of these alternate models. Variations are
small and within statistical uncertainties.
We thus derive an 26Al flux from our Scorpius-
Centaurus region source of (6.1±0.11) 10−5ph cm−2s−1.
Flux uncertainties are 1.2 10−5 ph cm−2s−1(statistical) and
1.0 10−5 ph cm−2s−1 (estimated systematics). (The vari-
ance of 0.2% from the different large-scale models provides
an estimate of systematic uncertainties from this aspect.
Main systematic uncertainty is derived from our tests for a
signal in the mirror-symmetric regions at (l,b)=(-10◦,-20◦)
and (l,b)=(+10◦,+20◦). No significant celestial intensity is
found for any such alternative source, but the scatter of
derived fluxes with different candidate source-region sizes
results in this estimate of 1.0 10−5 ph cm−2s−1. In these
test we note that as now the Sco-Cen region is not part of
the sky model, our extra component south of the plane ob-
tains a negative-amplitude line at the position of the 26Al
line, which probably compensates for the now-too-intense
large-scale model as fitted to our data.)
This 26Al line flux from our Scorpius-Centaurus region
source can be converted to an observed amount of 26Al,
adopting a specific distance for the source; for a distance of
150 pc we obtain 1.1 10−4 M of 26Al.
We note that an independent all-sky analysis on a some-
what smaller dataset represented the spatial distribution
of Sco-Cen emission through a 2-dimensional Gaussian and
obtained (6.2±1.6) 10−5 ph cm−2s−1 (Martin et al. 2009).
The 26Al line from our Scorpius-Centaurus region source
is found with a slightly blue-shifted energy: From fitting the
line shape with an asymmetric line shape as expected from
variable spectral-response degradation between annealings,
we determine a centroid energy of 1809.46 keV (±0.48 keV).
When we compare to the 26Al-decay laboratory value for
6 R. Diehl et al.: Radioactive 26Al from the Scorpius-Centaurus Association
0 
0.5 
1 
1.5 
2 
2.5 
3 
3.5 
4 
4.5 
5 
FreeEl'01 
180pc?
FreeEl'93? COMPTEL 
ME?
IR 100mu? RobinDisk 
125pc?
expDisk 
4kpc/180pc?
FreeEl'01 
140pc?
I 1
80
9k
eV
 [
*1
0-
4  
p
h
 c
m
-2
 s
-1
 r
ad
-1
]?
INTEGRAL/SPI  ?
orbits 15-259, LS, Galaxy?
orbits 43-650, LS &S, Galaxy?
orbits 43-650, LS & S, Sco-Cen?
RD Jul 2010?
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Fig. 7. The 26Al content of the ISM around a group of
coeval massive-star groups, as it evolves with time (Voss
et al. 2009).
the γ-ray energy of 1808.63 keV, this implies a blue shift of
∼0.8 keV. If interpreted as a kinematic Doppler effect from
bulk motion, this corresponds to about (137±75) km s−1.
Our uncertainties on the line centroid are ±0.4 keV sta-
tistical (for fixed-width Gaussians) and 0.2 keV systematic
uncertainty; here systematic uncertainty is estimated from
the line centroid difference between Gaussian and instru-
mental line-shape fits to the Sco-Cen signal. This translates
into the quoted bulk velocity uncertainty of 75 km s−1.
In Fig. 4 and most of our analysis for weak 26Al signals,
we rather use a Gaussian shape with fixed instrumental
resolution to represent the line shape, in order to stabilize
the fit from using less free parameters. Fitting the width of
the observed line in such a Gaussian, we find a value of 2.1
± 0.5 keV (FWHM), formally below but consistent with
the instrumental line width of 3.0 keV (Roques et al. 2003)
(which was used in the Gaussian line fitted in Fig. 4).
5. Discussion
The “Scorpius-Centaurus” complex of massive stars is the
most-nearby region showing star formation within the last
10–20 My, with typical distances below 150 pc from the
Sun(de Geus 1992; de Zeeuw et al. 1999; Preibisch &
Zinnecker 1999) . Our detection of 26Al γ-rays confirms
such recent and nearby massive-star activity. Since 26Al
decay occurs with a time scale of 1 My, this implies that
the massive stars providing the 26Al sources were born less
than ∼10 My ago (see Fig. 7). We observe an intensity in
the γ-ray line at 1808.63 keV from 26Al decay corresponding
to a present 26Al mass of 1.1 10−4 M at 150 pc distance.
The typical individual source-yield is about 1.1 10−4 M
for massive stars in the 8–40 M range (e.g. Limongi &
Chieffi 2006; Woosley & Heger 2007) (see summary in ap-
pendix of Diehl et al. 2006a), formally consistent with our
derived 26Al mass. The most massive star in Upper Sco
was presumably a ∼ 50M O5–O6 star, which may have
exploded as a supernova about 1.5 Myr ago; the pulsar
PSR J1932+1059 may be its compact remnant (Hoogerwerf
et al. 2000; Chatterjee et al. 2004). But because of uncer-
tainty of this event and no obvious supernova activity being
evident in Sco-Cen less than 1 My ago (which would be seen
e.g. as a supernova remnant), we are led to consider the ob-
served 26Al being a product of massive-star nucleosynthesis
from a number of sources during an earlier epoch, rather
than from a single event.
The 26Al amounts ejected into the interstellar medium
by a group of coeval massive stars evolves with stars de-
veloping Wolf-Rayet winds and finally exploding as super-
novae (see Fig. 7, from our population synthesis model, Voss
et al. (2009)). From the number of stars in the Upper Sco
group of stars (using 16 stars presently at masses M>8 M,
Preibisch et al. (2002)) and an adopted age of 5 My, this
population synthesis model predicts an intensity in the 26Al
γ-ray line of 7 10−5 ph cm−2s−1 from 1.2 10−4 M of 26Al,
which is consistent with our measurement. This would sup-
port age estimates derived from isochrone fitting to stel-
lar groups (which are somewhat uncertain mainly from the
calibration of pre-main-sequence models), and thus support
Upper Sco as a region of most recent star formation, with
a group age of about 5 My.
When we compare our observed 26Al line centroid to
the 26Al-decay laboratory value for the γ-ray energy of
1808.63 keV, the evident blue shift of ∼0.8 keV corresponds
to a kinematic Doppler effect from bulk motion at about
(137±75) km s−1. From our line width analysis we regard as
unlikely additional astrophysical Doppler broadening from
turbulent or isotropic motion at higher than normal in-
terstellar gas velocities (i.e., <100 km s−1, which would
correspond to 30% astrophysical line broadening).
The cavity surrounding Upper Sco appears to expand
with a velocity of about 10 (± 2) km s−1, which, together
with the relative motion of Sco-Cen stars with respect to
the Sun of about 5 km s−1 implies an approaching rela-
tive velocity of the entire complex of few tens of km s−1
at most. Our measurement of a substantially-higher ap-
proaching velocity of 26Al nuclei is incompatible with this.
We would thus exclude 26Al to decay while being associ-
ated with cavity walls: Decaying 26Al moves at higher ve-
locity. At the time of ejection, velocities of stellar wind or
supernova material containing 26Al would be about 1000–
1500 km s−1. This velocity, if sustained over a 26Al life-
time, would imply a propagation distance from the source
of 1.3 kpc, and source ejecta would fill a sphere of that
size, appearing isotropic from our position of the Sun (off-
set from the center of the sphere by only 0.1 its radius). But,
with our analysis circle of 10◦diameter around the source,
we also impose a bias for 26Al being near its source while
decaying, sampling its effective streaming velocity over this
volume sampled by our analysis.
Thus, our measured bulk velocity appears consistent
with the small or absent 26Al line broadening on one hand,
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and also with 26Al being slowed down significantly from its
high velocity at ejection, on a scale of 10 pc. This appears
consistent with our adopted scenario of observing stellar
ejecta originating in the Sco-Cen stars and streaming into
the pre-blown cavity around it, decelerating through tur-
bulence and interactions with the cavity walls. Other in-
ferences of the morphology of interstellar gas around the
Sun have independently suggested and supported this view
(Frisch 1995). In particular, a streaming motion of interstel-
lar gas from the general direction of Sco-Cen has been iden-
tified (also referred to as the local interstellar wind (LISW);
see, e.g., Lallement et al. 2003; Frisch 1995). It also implies
that our choice of a 10◦-sized region to identify 26Al from
Sco-Cen may miss a sigificant part of the emission, as the
region filled with 26Al by Sco-Cen should be more extended
on the sky. We cannot detect such more extended emis-
sion, both because it may be weaker than the main feature
we report here, and because other locations of Scorpius-
Centaurus stars overlap with Galactic-disk viewing direc-
tions. We will pursue this aspect in a refined modeling ap-
proach based on details of the observed stellar population
nearby (Ohlendorf et al., in preparation).
Further exploring this question of how the nearby re-
gions of the Galaxy have evolved, we may study the broader
history of the Scorpius-Centaurus region: Stellar subgroups
of different ages would result from a star forming region
within a giant molecular cloud if the environmental effects
of massive-star action of a first generation of stars (specif-
ically shocks from winds and supernovae) would interact
with nearby dense interstellar medium, leading to propa-
gating or triggered star formation. Later-generation ejecta
would find the ISM pre-shaped by previous stellar gen-
erations. Such a scenario was proposed for the Scorpius-
Centaurus Association, based on its different subgroups
(de Geus et al. 1989; Preibisch et al. 2002) and several
stellar groups around it (e.g. Preibisch & Mamajek 2008;
Ferna´ndez et al. 2008). Indications of recent star forma-
tion have been found in the L1688 cloud as part of the
ρ Oph molecular cloud, and may have been triggered by the
winds and supernovae which produced the 26Al we observe.
The young ρ Oph stars then could be interpreted as the
latest signs of propagating star formation originally initi-
ated from the oldest Sco-Cen subgroup in Upper Centaurus
Lupus (Wilking et al. 2008). The origin of runaway stars
and nearby pulsars also provides hints towards a recent su-
pernova in the solar vicinity (see, e.g. Hoogerwerf et al.
2000; Preibisch et al. 2002).
Many proposed scenarios of triggered star formation are
only based on relatively weak evidence, such as the pres-
ence of Young Stellar Objects (YSOs) near shocks caused
by massive stars. Positional evidence alone is not unequiv-
ocally considered to prove triggered star formation. Much
more reliable conclusions can be drawn if the ages of the
young stellar populations can be determined and compared
to the moment in time at which an external shock from an-
other star formation site arrived. Agreement of these tim-
ings would add important arguments. Radioactive clocks
such as 26Al can provide such information in this con-
text in a most-direct way, being driven by physics which is
rather independent of the environmental conditions of the
dynamic ISM. Therefore, we aim to constrain 26Al emission
from the presumably-older subgroups of the Sco-Cen asso-
ciation in a subsequent study (Ohlendorf et al., in prepara-
tion).
Supernovae are also expected to have far-reaching im-
plications such as a biologically-relevant UV flash and en-
hanced cosmic-ray intensity which may be relevant for
climatic changes (as discussed, e.g., in Lallement 2007;
Svensmark 2007). It is interesting that the discovery of
60Fe isotopes in Pacific ocean crust material on Earth (Knie
et al. 2004) provides strong evidence of a nearby supernova
event about 2–3 My ago, which may be attributed to Sco-
Cen stars as well. It will remain exciting to obtain refine-
ment in correlated investigations of observables from such
nearby cosmic violence.
We note that inclusion of nearby 26Al from Scorpius-
Centaurus stars in the determination of the large-scale 26Al
emission from the Galaxy reduces the large-scale flux value
by 19%. This translates directly into a corresponding reduc-
tion of the Galaxy’s total 26Al mass from 2.8 to 2.25 M,
propagating to inferences based on this 26Al mass such as
the core-collapse supernova rate and the interstellar iso-
topic ratio 26Al/27Al (see Diehl et al. 2006a). Note that
our earlier analysis accounted for this aspect of large-scale
source distribution uncertainty through quoting a system-
atic uncertainty of 30%, and specifically for the Galaxy’s
26Al mass a value of (2.8±0.8) M. As shown recently by
Martin et al. (2009) with a ring model of 90 pc scale height
for Galactic sources and specific model components for the
Cygnus and Sco-Cen regions, the 26Al mass in the Galaxy
may well be even below 2 M (they determine (1.7±0.2)
M) for this geometry; note that Wang et al. (2009) find
an 26Al emission scale height of 130 pc). With now a clear
detection of foreground 26Al emission from the Scorpius-
Centaurus stellar group(s), we are in a better position to
establish improved 3-dimensional 26Al source distribution
models for our Galaxy to reduce the line-of-sight uncertain-
ties in source distances, accounting for the roles of candi-
date stellar groups such as Cygnus and Scorpius-Centaurus,
but also Gould Belt associations and associations in spiral-
arm regions such as Carina. Together with reduced statis-
tical uncertainty from more observational data, this will
result into a more realistic estimate of the Galaxy’s 26Al
mass and derived quantities. Such a study is beyond the
scope of this paper.
In conclusion, our observation of 26Al from the Sco-Cen
region strengthens evidence for nearby massive star activ-
ity in the recent past (about 20 My or less). With improved
observations, we aim at spatially-resolved study of the 26Al
emission from this region, to discriminate among Sco-Cen
subgroups and their 26Al contributions, and to ad diagnos-
tics of massive-star activity in the solar vicinity.
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